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Introduction {#sec1}
============

Idiopathic membranous nephropathy (IMN) is a highly prevalent primary glomerular disease in adults, and its incidence in China has increased over the past 10 years. Recent studies have shown that IMN accounts for 24.1% of primary glomerular diseases, rendering it the second most prevalent pathological type.[@bib1]

Hormone-associated cyclophosphamide (CTX) and hormone-associated calcineurin inhibitors (CNI) are mainly recommended to treat IMN in patients undergoing renal biopsy, according to the Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guidelines.[@bib2] The remission rate with this regimen is acceptable, but many patients experience recurrence. Complications associated with treatment include infection,[@bib3] renal dysfunction,[@bib4] and other adverse events that can lead to repeated hospitalization and even death. Kidney diseases have been treated with traditional Chinese medicine (TCM) for centuries in many countries and much clinical experience has accumulated.[@bib5]^,^[@bib6] The results of a multicenter, randomized, controlled clinical trial of IMN treatment have shown comparable clinical remission rates between TCM and hormone + CTX at 48 weeks. Treatment with TCM significantly and safely reduced severe side effects.[@bib7]

Jian Pi Qu Shi Formula (JPQSF) was developed to treat IMN at Xiyuan Hospital, which is affiliated with the China Academy of Chinese Medical Science. The 10 herbs that comprise JPQSF were selected based on TCM theory and the extensive experience of Professor Ren-Huan Yu, who has treated kidney diseases with TCM for several decades. He has applied JPQSF to invigorate the spleen and dispel dampness, thereby restoring harmony between Yin and Yang. We previously showed an 80% clinical remission rate of refractory membranous nephropathy without adverse reactions after JPQSF therapy.[@bib8]

The chronic kidney disease (CKD)-colon axis might be associated with the development, progression, and prognosis of IMN. The intestinal microecology is altered in patients with CKD. When the intestinal structure changes, microorganisms and antigens can activate the host immune system across the intestinal barrier, causing inflammatory reactions.[@bib9] The intestinal flora can also activate immune cells via their metabolites and other specific components, thereby inducing inflammatory responses that further accelerate the progression of kidney disease.[@bib10] Immune dysfunction caused by disordered intestinal flora might be an important contributor to the development of IMN.

The 16S rRNA located on the ribosomal small subunit of prokaryotic cells has 10 conserved regions and 9 hypervariable regions. The conserved regions do not significantly differ among bacteria, whereas the hypervariable regions are genus- or species-specific and differ according to kinship. These specific 16S rDNA sequences can reveal biological species diversity and are thus considered the most suitable index for identifying bacterial phylogenies.[@bib11]

We sequenced the 16S rRNA gene to compare intestinal microbiota between patients with IMN and healthy persons. We also measured the effects of JPQSF (TCM) and immunosuppressants on the intestinal flora of IMN patients in a randomized controlled trial (RCT).

Methods {#sec2}
=======

Ethical approval {#sec2.1}
----------------

The Medical Committee at Xiyuan Hospital approved the study (No. 2016XLA127-2). All participants provided written informed consent before enrolling in the study.

Study design and participant selection {#sec2.2}
--------------------------------------

This study comprised concurrent and single-center randomized controlled trials that proceeded between July 2016 and December 2018 at the Department of Nephrology, Xiyuan Hospital, China Academy of Chinese Medical Sciences. This trial comprised 30 patients with IMN and 10 healthy persons. The patients with IMN were randomly assigned, using a random number table to groups that received either TCM therapy or immunosuppressant western medicine (WM) therapy (*n* = 15 per group). The inclusion criteria for the patients were as follows: renal biopsy and pathological findings that met IMN-compliant diagnostic criteria; met the diagnostic criteria of TCM spleen deficiency and dampness excess syndrome, namely primary symptoms of mental fatigue, waist pain, and edema; secondary symptoms of reduced appetite, fear of cold, loose stools, or diarrhea, pale complexion, frequent urination, or frequent urination at night; and tongue as well as pulse symptoms of enlarged, tooth-marked tongue with greasy coating and a slow and sunken pulse. Participants were diagnosed with a spleen deficiency and dampness excess syndrome if they were aged 18--70 years; had one primary symptom, one secondary symptom, and tongue or pulse symptoms; 24-h urine protein excretion \>0.5 g; estimated glomerular filtration rate (eGFR) ≥ 60 mL/min/1.73 m^2^; and disease persisting for \> 6 months; were not administered antibiotics and probiotics in the month before starting the trial; and had provided signed written informed consent. The exclusion criteria comprised secondary membranous nephropathy (including tumors, hepatitis B, lupus, drugs, toxins and other related membranous nephropathies; eGFR \< 60 mL/min/1.73 m^2^; history of bacterial infection, or antibiotics or probiotic use within the last month; autoimmune diseases such as rheumatoid arthritis and Sjögren syndrome; metabolic diseases such as diabetes and hypertension; sexually transmitted diseases such as hepatitis B, hepatitis C, and AIDS; digestive tract diseases such as peptic ulcers; current or past malignant tumors; severe mental disease, or heart and cerebrovascular or liver disease; pregnant and lactating women; and other factors that might affect the determination of intestinal flora.

Inclusion criteria for healthy persons comprised the following: complete documentation submitted within 2 weeks before the trial regarding medical history, vital signs, physical examination, clinical laboratory test, and echocardiography (ECG) findings; age, 18--70 years; and females who were not presently or potentially pregnant. Exclusion criteria comprised a history of severe circulatory, endocrine, nervous, digestive, respiratory, hematological, immunological, or psychiatric diseases; recently prescribed or investigational medication, especially any drug that is known to harm a particular organ, within 3 months; drug or alcohol abuse; and drug allergies or an allergic constitution. Eligible persons were apprised of the risks of the study; they then read, understood, and signed written informed consent forms before enrolling in the study.

Intervention {#sec2.3}
------------

All patients were given renin-angiotensin system (RAS) blockers as basic treatment to ensure that each patient received the maximum tolerated dose. Meanwhile, control blood pressure according to KDIGO guidelines (2012) for glomerulonephritis and hypertension. Patients who were randomly assigned to the TCM (*n* = 15) or WM (*n* = 15) groups were treated with JPQSF and immunosuppressants, respectively, for 6 months. The TCM department at Xiyuan Hospital prepared and supplied the JPQSF, which was administered orally once in the morning and once at night ([Table 1](#tbl1){ref-type="table"}).[@bib8] The WM group was treated with the current immunological inhibitors recommended by the KDIGO clinical practice guidelines,[@bib2] including hormone + cyclosporine A, hormone + tacrolimus or a calcium-regulating phosphatase inhibitor alone. An experienced nephrologist followed up all patients monthly at the hospital for 6 months.Table 1Components of Jian Pi Qu Shi Formula.Table 1Latin Binomial NameEnglish NamePart UsedOrigin of Product[a](#tbl1fna){ref-type="table-fn"}Weight (g)Astragalus membranaceusRadix AstragaliRootGansu30Codonopsis pilosulaRadix Codonopsitis PilosulaeRootGansu15Poria cocosSclerotium Poriae CocosSclerotiumAnhui30Atractylodes macrocephalaRhizoma Atractylodis MacrocephalaeStemZhejiang20Angelica sinensisRadix Angelicae sinensisRootGansu15Coix lacryma-jobiSemen coicisSeedGuizhou30Polyporus umbellatusSclerotium polypori UmbrellatiSclerotiumShanxi15Stephania tetrandraRadix Stephaniae TetrandraeRootZhejiang20Dioscorea nipponica MakinoDioscoreae Nipponicae RhizomaRootLiaoning30Folium PerillaePerillae FoliumFoliageShanxi15[^1]

Outcome measures {#sec2.4}
----------------

We measured 24-h urine protein excretion, plasma albumin, serum creatinine, urea nitrogen, eGFR, complete blood counts, and liver enzymes monthly. Patients were asked to report any symptoms and adverse effects at each appointment or immediately when they occurred.

Detection of intestinal flora {#sec2.5}
-----------------------------

The detection of intestinal microflora was completed as the following steps: fecal DNA extraction, PCR amplification and purification, library construction and sequencing. Fecal samples collected before breakfast were stored at −80 °C. The TCM and WM groups provided specimens again after 6 months of treatment. Detection of intestinal flora in the specimens was assisted by a commercial company (Beijing Zhongkangbo Biotechnology Co., Ltd., Beijing, China), then genomic DNA was extracted from each type of flora, using the cetyltrimethylammonium ammonium bromide (CTAB) method, and purified. Specific primers were prepared using Barcode (New England Biolabs Inc., Ipswich, MA, USA), with High-Fidelity Polymerase Chain Reaction (PCR) Master Mix and GC Buffer (New England Biolabs Inc.). High-Fidelity DNA Polymerase (New England Biolabs Inc.) was used for PCR amplification. The PCR products were diluted with sterile water at a concentration of 1:1 according to their concentrations, then resolved by electrophoresis on 2% agarose gels (Solarbio Science and Technology Co., Ltd., Beijing, China). Target strips were recovered using gel recovery kits (Qiagen GmbH, Hilden, Germany). A library constructed using DNA PCR-Free Sample Preparation Kit (Illumina Inc., San Diego, CA, USA) was quantified using Qubit and quantitative (Q)-PCR. The library was then sequenced using HiSeq2500 PE250 (Illumina Inc.).

Bioinformatics analysis of sequencing results {#sec2.6}
---------------------------------------------

After obtaining the original data files of the intestinal flora, quality control, de-chimerization, and specific and statistical analyses of the sequencing parameters proceeded using scikit-bio™, an open-source, Berkeley Software Distribution (BSD) licensed, python package with Quantitative Insights Into Microbial Ecology (QIIME) modules and the Illumina platform.[@bib12] Sample abundance information was clustered at the species and sample levels and plotted as heat maps. Intestinal microbiota diversity was analyzed using alpha diversity. Mothur software (Version 1.35.1, The University of Michigan Department of Microbiology and Immunology, Ann Arbor, MI, USA) was used to determine abundance-based coverage (ACE; computed abundance) and the Shannon index (computed flora diversity). The composition of the intestinal flora was compared among samples using beta diversity and R software version 2.15.3 (MathSoft, Cambridge, MA. USA), including principal components analysis (PCA) and principal co-ordinates analysis (PCoA).

Significantly different species in intestinal flora between groups based on species abundance information in the samples were detected by Metastat analysis using Mothur software. The significance of differences was evaluated by testing multiple hypotheses and analyzing false discovery rates (FDR) of rare frequency data.

Statistical analyses {#sec2.7}
--------------------

All data were analyzed using Statistical Package for the Social Sciences (SPSS) 20.0 statistical software (IBM Corp., Armonk, NY, USA). Measured data are shown as means ± standard deviation (SD). Abnormally distributed data were assessed using Mann--Whitney U tests. Normally distributed data were assessed using Levene tests to judge the homogeneity of variance, and t-tests for uniform variance. If the variance was non-uniform, Mann--Whitney U tests were applied and counts were analyzed using chi-squared tests. All *P* values are 2-sided. *P* values \< 0.05 were considered statistically significant.

Results {#sec3}
=======

Patient disposition and baseline data {#sec3.1}
-------------------------------------

This trial included 30 patients with IMN treated with TCM or WM (*n* = 15 per group) and 10 healthy persons. Five participants, who opted out of the trial, were from the WM group. Three refused western immunosuppressive therapy and two stopped complying due to concern about adverse reactions. [Table 2](#tbl2){ref-type="table"} shows no significant differences between the IMN and the healthy group, or the TCM and the WM group (*P* \> 0.05).Table 2Baseline characteristics of healthy and IMN groups treated with TCM or WM.Table 2CharacteristicsHealthy (*n* = 10)IMN (*n* = 30)χ^2^ or t*P*IMNχ^2^ or t*P*TCM (*n* = 15)WM (*n* = 10)Female, *n* (%)5 (50)13 (43.3)0.001.006 (40.0)6 (60.0)0.330.57Age (years)44.10 ± 9.2348.83 ± 11.311.200.2448.60 ± 11.6746.70 ± 11.720.400.69Height (cm)169.80 ± 5.49167.37 ± 6.90−1.010.32167.73 ± 7.41165.30 ± 7.300.810.43Weight (kg)65.70 ± 6.9966.87 ± 9.130.370.7266.53 ± 9.2666.10 ± 10.020.110.91Systolic pressure (mmHg)118.30 ± 8.55123.23 ± 10.50−1.600.11123.40 ± 11.39122.80 ± 10.12−0.680.50Diastolic pressure (mmHg)74.10 ± 6.4277.07 ± 7.61−1.190.2478.33 ± 8.4276.70 ± 7.390.500.62[^2]

Index change after TCM and WM therapy for 6 months {#sec3.2}
--------------------------------------------------

Urinary protein excretion, serum albumin, urea nitrogen, serum creatinine, or eGFR did not significantly differ between the TCM and WM groups before therapy (*P* \> 0.05). However, urinary protein excretion differed between them after therapy. Serum albumin values after treatment were higher in the TCM group (*P* \< 0.05), but did not significantly differ in the WM group (*P* \> 0.05). Urea nitrogen, serum creatinine and eGFR did not significantly differ between the groups after therapy (*P* \> 0.05; [Table 3](#tbl3){ref-type="table"}).Table 3Index changes after TCM and WM therapy.Table 3IndexTCM (*n* = 15)WM (*n* = 10)t*P*Valuest*P*Valuest*P*Urinary protein excretion, g Before3.24 ± 1.743.94 ± 1.05−1.130.270 After1.73 ± 1.85−2.430.015^a^1.91 ± 1.184.050.001^a^−0.720.471Serum albumin, g/L Before32.44 ± 9.0431.55 ± 4.230.290.774 After39.99 ± 7.03−2.550.017^a^34.83 ± 9.14−1.030.3171.600.124Urea nitrogen, mg/dL Before14.34 ± 6.2311.42 ± 4.861.230.230 After17.13 ± 6.89−0.980.32613.93 ± 4.92−1.150.266−1.390.165Serum creatinine, mg/dL Before0.80 ± 0.330.76 ± 0.160.450.659 After0.85 ± 0.30−0.810.4180.70 ± 0.28−1.170.241−1.4430.149eGFR, mL/min/1.73 m^2^ Before110.40 ± 47.3697.30 ± 19.150.960.349 After99.20 ± 37.790.720.480113.60 ± 35.69−1.270.219−0.950.350[^3][^4]

Intestinal flora analysis {#sec3.3}
-------------------------

We analyzed 30 fecal samples from the IMN group before treatment (*n* = 30), 10 from the healthy group, then 15 samples after TCM, and 10 after WM. Among them, four in the IMN group, one in the healthy group, one after TCM treatment, and two after WM treatment did not return valid data and were excluded. The actual number of effective samples was 57. We then prepared a clustering heat map according to the abundance of species at the genus level in each sample ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Cluster heat map of species abundance at genus level. Ordinate is sample information; abscissa is species annotation information; left cluster tree is species; upper cluster tree is between sample groups.Fig. 1

The alpha diversity index showed that intestinal flora differed between the IMN and healthy groups, and the TCM and WM groups ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Differences in alpha diversity indices between groups. A: Abundance-based coverage (ACE) index; B: Shannon index. WM: western medicine; TCM: traditional Chinese medicine; IMN: idiopathic membranous nephropathy.Fig. 2

The comparison of multiple samples (beta diversity) also revealed differences in flora between IMN and healthy groups, and between the TCM and WM groups. The composition of intestinal flora was similar between the TCM and WM groups, but some differences were evident. Principal components analysis is a variance decomposition, reduced dimensionality and multidimensional method of extracting the most important elements and structures from complex mixtures.[@bib13] PCoA \[also known as multidimensional (MDS) scaling\] is a reduction method with which to explore and visualize similarities or dissimilarities of data, that is similar to PCA. The difference is that PCoA searches for main coordinates based on a distance matrix; that is, a shorter distance between genera indicated closer similarity. Samples with high and low structural similarity in terms of intestinal flora were respectively clustered close together and located far from each other, respectively ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Findings of principal co-ordinates analysis. Samples with high and low structural similarity in terms of intestinal flora are respectively clustered together and located far from each other. A: Principal components analysis (PCA); B: Principal co-ordinates analysis (PCoA); WM: western medicine; TCM: traditional Chinese medicine; IMN: idiopathic membranous nephropathy.Fig. 3

Metastat analysis: The main genera that differed between the IMN group before TCM therapy and the healthy group were Christensenellaceae_R-7_group, Bifidobacterium (77), Dorea, Escherichia- Shigella, Parabacteroides, Bifidobacterium, and Coprococcus_3. The main differential genera after TCM were Butyricimonas, Bacteroides, Alistipes, and Lachnospira therapy, and Ruminococcus_2, Lachnospiraceae_ND3007_group, Lachnospira, Bifidobacterium, Alistipes, \[Eubacterium\]\_ventriosum_group.

Discussion {#sec4}
==========

The concept of the "CKD-colonic axis" proposed by Pahl in 2015, suggests that patients with CKD develop intestinal micro-ecological disorders during disease progression. Such disorders include the increased production of uremic toxins and reduced probiotics that exacerbate the accumulation of intestinal-derived urinary toxins in the bloodstream that cannot be removed by damaged kidneys. Renal function is further reduced, eventually forming a vicious circle between the intestines and kidneys. Dysfunctional intestinal bacteria also destroy the intestinal epithelial barrier function, causing intestinal-derived urinary toxins and pathogens to shift enter the circulation, activate the intestinal mucosal immune system, induce systemic micro-inflammatory reactions, and thus aggravate kidney damage. The intestinal mucosal immune system consists of intestinal-associated lymphoid tissues. Abnormal microorganisms and antigens activate the host immune system via the intestinal barrier in an altered intestinal structure, causing inflammatory responses.[@bib9] Intestinal microbes can activate immune cells through their metabolites and other specific components, and induce inflammatory responses.[@bib10]

The present study found that intestinal flora differed between patients with IMN and healthy individuals, suggesting that the intestinal flora is disordered in such patients. The main genera that differed between the IMN and healthy groups were Christensenellaceae_R-7_group, Bifidobacterium (77), Dorea, Escherichia-Shigella, Parabacteroides, Bifidobacterium, and Coprococcus_3. However, the physiological and pathological effects of these genera have not been investigated in detail, leaving their identities unclear. As far as we understand, Bifidobacterium is the most representative intestinal probiotic organism, and it is abundant in the adult human gut. Bifidobacteria play important roles in the metabolism of nutrients, inhibiting the growth of intestinal pathogens, maintaining the balance of flora, improving digestion and immunity, promoting development, and delaying aging, among other functions.[@bib14] Bifidobacteria also exert anti-allergic effects when acetic and butyric acids are the main fermentation products,[@bib15] possibly contributing to the immunomodulatory effects of intestinal short-chain fatty acids.[@bib16] Differences in the genera of intestinal flora between patients with IMN and healthy individuals might provide clues to the pathogenesis of IMN, in which Bifidobacteria might plays a role.

Both JPQSF and the immunosuppressants decreased the index of 24-h urinary protein. Plasma albumin levels were increased by JPQSF, but not by immunosuppressants. Urea nitrogen, serum creatinine and eGFR not significantly differ between the groups before and after therapy. Among TCM syndromes, the proportion of IMN is probably the highest in spleen deficiency syndrome.[@bib17] The most prevalent syndromes associated with IMN are damp-heat and blood stasis. Chronic nephritis is commonly treated with JPQSF.[@bib18]

Expression of the marker proteins nephrin and podocalyxin increased in damaged podocytes containing JPQSF serum cultured *in vitro* indicating that the damaged glomerular filtration barrier is repaired. This was achieved by JPQSF serum through inhibiting mTOR activation in injured podocytes, reducing P--P70S6K and P-4EBP1 synthesis, elevating microtubule-associated protein 1A/1B-light chain 3 (LC3)-II expression and restoring the autophagy of damaged podocytes. The mechanism by which JPQSF reduced IMN urinary protein was associated with the protection of glomerular podocytes.[@bib19] Astragalus membranaceus has an active ingredient that protects against adriamycin-induced nephropathy. It reduces levels of urinary protein, mainly by elevating the expression of the podocyte-associated proteins nephrin and podocin.[@bib20] Radix Stephaniae Tetrandrae and its alkaloids might exert anti-inflammatory effects by inhibiting the release of nitric oxide (NO) and the cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-6.[@bib21] Tetrandrine, the active ingredient of Radix Stephaniae Tetrandrae, can reduce β-glucan-induced inflammatory responses in macrophages.[@bib22] While JPQSF effectively treats IMN, it also significantly improves gastrointestinal symptoms. Shenling Baizhu Formula, which invigorates the spleen and removes dampness, can regulate intestinal flora unbalanced by antibiotics.[@bib23] Sijunzi Decoction, which invigorates the spleen, can increase intestinal flora diversity in rats with a spleen deficiency.[@bib24] Thus, TCM with spleen strengthening effects can regulate and increase the diversity of intestinal flora. Probiotics can protect the kidneys, and JPQSF is suitable for patients with IMN who have a deficient spleen and dampness-heat syndrome. Its main effects are spleen invigoration, qi replenishment, dampness removal and clearing heat. These effects are similar to those of the two prescriptions described above. Data from national health and nutrition surveys and studies of the relationship between probiotics and kidney parameters have shown that probiotics can reduce the risk of proteinuria. Thus, JPQSF might protect the kidneys by increasing ratios of intestinal probiotics.[@bib25]

The main intestinal flora that differed after JPQSF therapy comprised Butyricimonas, Bacteroides, Alistipes, and Lachnospira. Bacteroides is a dominant intestinal strain that plays a pivotal role in improving nutrient utilization,[@bib26] accelerating intestinal mucosal angiogenesis,[@bib27] developing the immune system, improving immunity,[@bib28] and maintaining the intestinal flora balance.[@bib29]^,^[@bib30] Bacteroides can produce short-chain fatty acids in the colon,[@bib31] and significantly enhance the growth of colonic lamina propria Treg cells after colonization.[@bib32] Such enhancement further exerts immunomodulatory effects. Lachnospira triggers intestinal inflammation and is the main genus of the Lachnospiraceae family.[@bib33] Alistipes is a gram-negative, anaerobic bacterium, and a facultative pathogen that can cause various diseases.[@bib34] The differences between the probiotic genus Bacteroides, the pathogenic bacterium Alistipes shahii and Lachnospira before and after JPQSF therapy might be associated with the ability of this TCM to treat IMN.

The main differential intestinal flora that changed after immunosuppressive therapy was Ruminococcus_2, Lachnospiraceae_ND3007_group, Lachnospira, Bifidobacterium, Alistipes, and Eubacterium_ventriosum_group. The differences in the probiotic Bifidobacterium and the pathogenic bacteria Alistipes and Lachnospira between before and after JPQSF therapy might result from immunosuppression.

In conclusion, patients with IMN might have disordered intestinal flora. The finding that intestinal flora differs after therapy with JPQSF implies that this TCM could regulate intestinal flora. Immunosuppressants can also alter intestinal flora. The effects of JPQSF on IMN might also be associated with improving the balance of intestinal flora.
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[^1]: Province. All products were supplied in raw dried form.

[^2]: Data are shown as means ± standard deviation (SD) or *n* (%). IMN: idiopathic membranous nephropathy; TCM: traditional Chinese medicine; WM: western medicine.

[^3]: Data are shown as means ± SD. eGFR: estimated glomerular filtration rate; IMN: idiopathic membranous nephropathy; SD: standard deviation; TCM: traditional Chinese medicine; WM: western medicine.

[^4]: ^a^*P* \< 0.05 vs. before therapy.
